Obstacles to bacterial survival and replication in the cytosol of host cells, and the mechanisms used by bacterial pathogens to adapt to this niche are not well understood. Listeria monocytogenes is a well-studied Gram-positive foodborne pathogen that has evolved to invade and replicate within the host cell cytosol; yet the mechanisms by which it senses and responds to stress to survive in the cytosol are largely unknown. To assess the role of the L. monocytogenes penicillin-binding-protein and serine/threonine associated (PASTA) kinase PrkA in stress responses, cytosolic survival and virulence, we constructed a ΔprkA deletion mutant. PrkA was required for resistance to cell wall stress, growth on cytosolic carbon sources, intracellular replication, cytosolic survival, inflammasome avoidance and ultimately virulence in a murine model of Listeriosis. In Bacillus subtilis and Mycobacterium tuberculosis, homologues of PrkA phosphorylate a highly conserved protein of unknown function, YvcK. We found that, similar to PrkA, YvcK is also required for cell wall stress responses, metabolism of glycerol, cytosolic survival, inflammasome avoidance and virulence. We further demonstrate that similar to other organisms, YvcK is directly phosphorylated by PrkA, although the specific site(s) of phosphorylation are not highly conserved. Finally, analysis of phosphoablative and phosphomimetic mutants of YvcK in vitro and in vivo demonstrate that while phosphorylation of YvcK is irrelevant to metabolism and cell wall stress responses, surprisingly, a phosphomimetic, nonreversible negative charge of YvcK is detrimental to cytosolic survival and virulence in vivo. Taken together our data identify two novel virulence factors essential for cytosolic survival and virulence of L. monocytogenes. Furthermore, our data demonstrate that regulation of YvcK phosphorylation is tightly controlled and is critical for virulence. Finally, our data suggest that yet to be identified substrates of PrkA are essential for cytosolic survival and virulence of L. 
Introduction
Intracellular pathogens are responsible for a majority of the world's most devastating infectious disease. A subset of intracellular pathogens, known as cytosolic pathogens, survive and thrive in the host cell cytoplasm. Recently, it has become clear that some traditionally extracellular or vacuolar pathogens such as Staphylococcus aureus [1] and Mycobacterium tuberculosis [2] , respectively, spend at least part of their life in the cytosol. For canonical cytosolic pathogens like Listeria monocytogenes and Francisella tularensis, mutants that either cannot access the cytosol [3, 4] or fail to survive [5, 6] and replicate [7, 8] within the cytosol are avirulent. Importantly, the cytosol is restrictive to bacterial replication, as both non-pathogenic bacteria [9] , and even some pathogens that normally localize to other cellular compartments [10] , are unable to replicate when localized to the cytosol, suggesting that specific adaptions are required for cytosolic survival. While the stresses and their cognate bacterial responses present in the phagosome have been extensively studied, obstacles to bacterial survival and replication in the cytosol are relatively unexplored. Potential barriers to survival and replication in the cytosol include cell wall stresses [5] , metabolic restriction [11] and direct antimicrobial effectors such as ubiquidicin [12] and Guanylate Binding Proteins (GBPs) [13, 14] . The mechanisms cytosolic pathogens use to sense and respond to these obstacles in order to survive in this restrictive niche are also unknown.
In addition to avoiding direct antimicrobial activities of the host cell cytosol, evading detection by the innate immune system is another major challenge for cytosolic pathogens. The last decade has seen an explosion of knowledge about how host cells detect invading bacteria and viruses in the cytosol, and in some cases, pathogen strategies for avoiding detection [15, 16] . Specifically, bacteriolysis in the cytosol triggers both cGAS/STING-mediated type I interferon responses and AIM2-dependent inflammasome activation [17, 18] . In the case of AIM2, DNA released during bacterolysis directly binds to AIM2, leading to oligimerization with ASC and Caspase 1 to form a functional inflammasome complex [19] . Activation of the inflammasome leads to a robust inflammatory response and the loss of the intracellular replication niche through a lytic, inflammatory cell death called pyroptosis [20] [21] [22] . As such, avoiding bacteriolysis is crucial for evasion of the host immune response and the ultimate success of cytosolic pathogens [22] .
Listeria monocytogenes is a gram-positive, facultative intracellular pathogen that lives as a saprophyte in the soil and is most commonly contracted through contaminated food products leading to systemic Listeriosis [23] . Listeriosis is a significant contributor to total fatalities caused by food borne illness in the United States and elsewhere, with a fatality rate of up to 30% even with antibiotic treatment [24] . L. monocytogenes is also an ideal model to study cytosolic pathogens and host responses as it is genetically tractable, has a well-defined intracellular lifecycle and has robust ex vivo and in vivo models to study pathogenesis [25, 26] . After ingestion, L. monocytogenes is either phagocytosed by professional phagocytes or induces entry into epithelial cells by receptor mediated endocytosis [27, 28] . To escape the vacuole the bacteria secrete the pore forming toxin Listeriolysin O (LLO) encoded by the gene hly [3] . Accessing the cytosol is crucial for L. monocytogenes to cause disease as mutants that lack hly are avirulent [3, 29] . Once inside the cytoplasm the bacteria replicate to high numbers and hijack host actin to propel themselves into neighboring cells [30] . Upon spread to neighboring cells, L. monocytogenes again expresses hly and a pair of phospholipases to escape the secondary vacuole and continue its infectious lifecycle [31, 32] . While the mechanisms used by L. monocytogenes to access the cytosol and spread from cell-to-cell are well defined, the mechanisms by which L. monocytogenes senses and adapts to the cytosolic environment are not well understood.
One way bacteria respond to their environment is through sensor kinases that reversibly phosphorylate effector proteins. Classically, bacterial signal transduction through phosphorylation has been thought to be primarily mediated through two-component systems [33] . However, it has recently become clear that in many Gram-positive bacteria the eukaryotic-like kinases such as the Penicillin-Binding Protein And Serine/Threonine Kinase-Associated Protein (PASTA) kinases phosphorylate proteins to regulate diverse cellular processes ranging from cell wall synthesis [34, 35] and cell division [36] , to central metabolism [37] , biofilm formation [38] , and virulence [39] . PASTA kinases are composed of extracellular penicillin-binding-protein domains which, upon binding of peptidoglycan fragments, facilitate dimerization of the intracellular kinase domains, autophosphorylation and ultimately phosphorylation of downstream effector proteins [40, 41] . PknB, the PASTA kinase in M. tuberculosis is essential and has been investigated as a potential drug target [42] [43] [44] , while the PASTA kinases in Staphylococcus epidermidis and Streptococcus pyogenes have been shown to regulate biofilm formation, production of virulence factors and cell wall homeostasis [38, 45] . We previously demonstrated that the L. monocytogenes PASTA kinase, PrkA, is required for β-lactam resistance, however, its role in infection and virulence is unknown [46] .
A variety of PASTA kinase substrates have been defined in different organisms. One conserved substrate in M. tuberculosis and B. subtilis is YvcK (also known as CuvA in M. tuberculosis), a highly conserved protein of unknown function [36, 47] . In M. tuberculosis and B. subtilis YvcK is singly phosphorylated on a threonine residue near the C-terminus, but the site of phosphorylation is not precisely conserved [36, 47] . Although the biochemical function of YvcK is unknown, like the PASTA kinases themselves, YvcK is important for both carbon metabolism and cell wall homeostasis [48] [49] [50] . In B. subtilis and M. tuberculosis YvcK is required for growth on gluconeogenic substrates, pentose phosphate pathway/citric acid cycle intermediates and cholesterol, respectively [48, 50] . Additionally, both B. subtilis and M. tuberculosis ΔyvcK mutants display morphology defects under gluconeogenic growth conditions [48, 50] . Although M. tuberculosis CuvA localizes to the division septum and the poles, whereas B. subtilis YvcK localizes in a helical pattern, in both organisms CuvA/YvcK is required for Pbp1 localization under gluconeogenic growth conditions [49, 50] . Finally, in B. subtilis, YvcK mediated localization of Pbp1 was dependent on phosphorylation by the PASTA kinase, [47] . L. monocytogenes YvcK is required for cytosolic survival and evasion of the AIM2 inflammasome and ΔyvcK mutants are hypersusceptible to lysozyme in vitro [17, 51] . The interaction of L. monocytogenes YvcK with PrkA, as well as its role in cell wall homeostasis, carbon metabolism or virulence are unknown [17] .
In this study, we characterize the function of PrkA in cell wall homeostasis, metabolism, cellular infection and ultimately virulence. Similar to what was previously observed in M. tuberculosis and B. subtilis, PrkA is important for dealing with both metabolic and cell wall stress in L. monocytogenes. Furthermore, PrkA is required for intracellular replication, cytosolic survival, evasion of the AIM2 inflammasome and ultimately virulence in murine models of listeriosis. In addition, we find that the conserved PASTA kinase substrate YvcK is a PrkA substrate in L. monocytogenes, but that the sites of phosphorylation are significantly different from those previously described in other organisms. Furthermore, similar to ΔprkA mutants, ΔyvcK mutants are also sensitive to metabolic and cell wall stress and are required for cytosolic survival and ultimately virulence in vivo. Surprisingly however, despite the fact that both PrkA and its substrate YvcK are required for cytosolic survival and virulence, phosphomimetic negative charges at the phosphorylation sites on YvcK inhibit its functions during infection. These data suggest that spatial and temporal regulation of YvcK phosphorylation is critical, and further suggest that alternative PrkA substrates are required for cytosolic survival and ultimately virulence. Given the highly conserved nature of both PrkA and YvcK in a variety of high impact pathogens, as well as their essential role in virulence in both M. tuberculosis and L. monocytogenes, compounds that interfere with this signaling axis may represent a promising new approach to antibiotic development.
Results

PrkA is required for cell wall homeostasis and glycerol metabolism in vitro
We had previously demonstrated, similar to what has been observed for PASTA kinase mutants in other organisms, that the L. monocytogenes PASTA kinase PrkA was required for resistance to β-lactam antibiotics, but not vancomycin [46] , suggesting that PrkA regulates specific steps in cell wall synthesis and/or remodeling. To further characterize the function of PrkA in cell wall homeostasis, we determined the MIC of wild-type and ΔprkA mutant L. monocytogenes to a variety of additional cell wall inhibitors (Table 1) . Similar to what we had observed with β-lactams, we found that the ΔprkA mutant is highly susceptible to tunicamycin (~100-fold increased sensitivity), an inhibitor that prevents the attachment of peptidoglycan and wall teichoic acid precursors to their lipid carrier. Complementation of the ΔprkA mutant restores wild type levels of tunicamycin resistance (S1A Fig). Additionally the ΔprkA mutant was slightly more susceptible to Bacitracin and lysozyme, inhibitors that target undecaprenal recycling and the β-(1-4)-glycosidic bonds between N-acetylmuramic acid and N-acetylglucosamine in peptidoglycan, respectively. Increased sensitivity to the human antimicrobial peptide LL-37 suggests a role for PrkA in regulating teichoic acid biosynthesis/modification [52] . These data suggest that PrkA has a role in regulating multiple steps in cell wall synthesis and maintenance.
In many organisms, PASTA kinases phosphorylate central metabolic enzymes. Glycerol and phosphorylated glucose are the two primary carbon sources used by L. monocytogenes during intracellular growth [53, 54] . Therefore, to assess potential metabolic deficiencies in ΔprkA mutants that could be relevant to virulence, we assayed growth of wild type and ΔprkA mutants in minimal media with either glucose-6-phosphate or glycerol as the primary carbon sources. As L. monocytogenes only expresses the glucose-6-phosphate transporter (hpt) when the master virulence regulator PrfA is active we used strains with constitutively active PrfA (prfA Ã ) to assess growth on glucose-6-phosphate [11] . There was no detectable difference in growth between wild type and ΔprkA mutants in rich media (Fig 1A) , or in Improved Minimal Media (IMM) with glucose-6-phosphate (Fig 1B) . Importantly, despite increased sensitivity to cell wall acting antibiotics, there were no defects in bacterial morphology ( Fig 1C, S1 Fig) or cell wall thickness (24.2 ± 1.43nm for wild-type vs 24.9 ±2.47 nm for ΔprkA) in rich media or minimal media with glucose-6-phosphate. Conversely, ΔprkA mutants were essentially unable to replicate in minimal media with glycerol as the sole carbon source with a doubling time of 16.3 hours compared to 4.5 hours for wild-type (Fig 1B) . Complementation of prkA expression in trans restored growth in minimal media with glycerol (S2B Fig). Consistent with a pleiotropic role in both carbon metabolism and cell wall homeostasis, ΔprkA mutants displayed morphological defects in minimal media with glycerol ( Fig 1C, S2 Fig) . Taken together, these data suggest that, similar to its role in other organisms, the PASTA kinase PrkA is required for cell wall homeostasis and central metabolism in L. monocytogenes.
PrkA is required for L. monocytogenes intracellular replication, cytosolic survival, avoidance of the AIM2 inflammasome and ultimately virulence Defects in both cell wall homeostasis and growth on cytosolic carbon sources suggested that PrkA may be important for intracellular replication and cytosolic survival. To test this hypothesis, we infected bone marrow derived macrophages with wild type L. monocytogenes, and ΔprkA mutants and quantified intracellular growth. Wild type L. monocytogenes thrived in the macrophage cytosol while the ΔprkA mutant not only failed to grow, but by 5 hours post infection began to be killed, displaying a 90% loss in viability between 5 and 8 hours post infection (Fig 2A) . Complementation of prkA expression in trans restored growth in bone-marrowderived macrophages (BMDMs) (S1C Fig). The loss of viability from 5-8 hours post infection suggested that ΔprkA mutants were being killed in the host cell cytoplasm. To test this hypothesis, we assayed cytosolic bacterial lysis using a luciferase-based bacteriolysis reporter system as previously described [17] . Escape from the phagosome is required for luciferase production as Δhly mutants induced no detectable luciferase production whereas the control strain holin-lysin engineered to lyse upon entry in to the host cytosol lyses~100-fold more frequently than wild type L. monocytogenes, respectively ( Fig 2B) [17] . Despite significantly decreased bacterial loads, ΔprkA mutants lyse~7-fold more frequently that wild type bacteria in the host cytosol ( Fig 2B) consistent with lysis levels of L. monocytogenes mutants previously described to lyse in the macrophage cytosol [17] . Bacteriolysis of ΔprkA mutants in the host cell cytosol suggests that PrkA may be required for avoiding detection by the AIM2 inflammasome and subsequent pyroptotic host cell death [17] . To test this hypothesis, we quantified cell death of macrophages following infection with wild type L. monocytogenes and ΔprkA mutants. As previously described, wild type bacteria induced very limited host cell death while bacteria that lyse in the cytoplasm induced high levels of host cell death (Fig 2C) . Infection with ΔprkA mutants resulted in significantly increased host cell death; albeit not to the levels induced by the holin-lysin strain ( Fig 2C) . As expected, complementation of prkA expression reduced host cell death to wild-type levels (S1D Fig) .
Recent reports suggest that host guanylate-binding proteins (GBPs) play a critical role in cytosolic bacteriolysis of Francisella tularensis subsp. novicida [13] . To determine if GBPs were required for L. monocytogenes, and more specifically ΔprkA mutant cytosolic bacteriolysis, we infected Gbp Chr3 KO macrophages and assayed for host cell death. GBP deficiency did not result in decreases in host cell death following infection with any strains of L. monocyctogenes. Instead, we observed small, but statistically significant increases in host cell death following infection with strains that activate the AIM2 inflammasome including wild type, holin-lysin and ΔprkA L. monocytogenes. Importantly, strains that induce either Naip5/Nlrc4 inflammasome activation (L.p.-FlaA) [21] or inflammasome independent cell death (LLO S44A L461T) [55] (Fig 2C) ΔprkA mutants were essentially cleared, demonstrating 4-5 logs of attenuation ( Fig 2D) . A constitutive expression complementation construct was able to significantly rescue virulence in vivo (S1E Fig) . ΔprkA mutants demonstrated lysozyme sensitivity, suggesting that their virulence defect could be due to killing in the blood during intravenous infection. To test this hypothesis, we assayed killing of wild type, ΔprkA mutants in whole blood [51] . While previously described lysozyme sensitive ΔpgdA/ΔoatA mutants [56] were killed rapidly in whole blood, wild type L. monocytogenes and ΔprkA mutants survived (S3 Fig), suggesting that sensitivity to lysozyme in the blood is not likely responsible for the virulence defects observed in vivo. Taken together, these data suggest that PrkA is required for intracellular growth, cytosolic survival avoidance of the AIM2 inflammasome and ultimately virulence in vivo.
Deletion of the putative PrkA substrate YvcK phenocopies ΔprkA mutants
To begin to understand how PrkA regulates virulence potential, we hypothesized that specific PrkA substrates may regulate metabolic or cell wall stress responses required for virulence in vivo. The requirement of PrkA for intracellular growth, cytosolic survival and evasion of the inflammasome was reminiscent of phenotypes previously ascribed to a ΔyvcK mutant [17] . Furthermore, recent reports demonstrated that in M. tuberculosis and B. subtilis, YvcK homologues are PASTA kinase substrates [36, 47] . We hypothesized that YvcK may also be involved in cell wall homeostasis and/or carbon metabolism. Indeed, in M. tuberculosis and B. subtilis, YvcK is required for growth on gluconeogenic substrates and for maintenance of cell wall homeostasis. We evaluated the sensitivity of the ΔyvcK mutant to the same cell wall stresses as previously described for the ΔprkA mutant ( Table 1 ). As was previously described, ΔyvcK mutants were hypersusceptible to lysozyme in BHI similar to ΔprkA mutants, a phenotype that could be complemented by inducible expression of yvcK (S4A Fig) [57] . Additionally, although the magnitude of sensitivity was not as severe as in the ΔprkA mutant, ΔyvcK mutants were hypersusceptible to all of the same cell wall stresses with the exception of tunicamycin (Table 1) .Despite increased sensitivity to some cell wall acting agents, no change in cell wall thickness was observed in the ΔyvcK mutant (24.2 ±1.43 nm wild-type vs 25.0 ±0.56 nm ΔyvcK) consistent with our previous observations with a ΔprkA mutant. Similarly, although ΔyvcK mutants grew normally in rich media or minimal media with glucose-6-phosphate as the primary carbon source, they demonstrated severe growth defects in minimal media with glycerol as the primary carbon source (Fig 3A and 3B) . The growth defect in glycerol could be complemented by expression of yvcK in trans (S4B Fig) . In minimal media with glycerol we also observed instances of severe morphology defects in the ΔyvcK mutant and other morphology changes similar to the ΔprkA mutant (Fig 3C) . Given the similarities in phenotypes between the ΔprkA and ΔyvcK phenotypes in vitro, we assessed virulence of ΔyvcK mutants ex vivo and in vivo. Again, consistent with both with the phenotypes observed with a ΔprkA mutant and the phenotypes previously reported, ΔyvcK mutants were attenuated for intracellular replication (Fig 3D) , cytosolic survival (3E) and avoidance of inflammasome activation (3F). Complementation in trans restored intracellular growth and host cell death to wild-type levels (S4C and S4D Fig) . Finally, ΔyvcK mutants were also severely attenuated for virulence in a murine model of disseminated Listeriosis (Fig 3G) and attenuation could be rescued by constitutively expressed yvcK (S4E Fig (Fig 4B) . Not only was the double phosphorylation unique, but the phosphorylation sites map to a different location on the predicted tertiary structure of the protein compared to M. tuberculosis and B. subtilis whose phosphorylated threonines are located close to the C-terminus. To confirm the sites of phosphorylation, we constructed single or double threonine to alanine phosphoablative point mutants at T252 and T256. Both single point mutants were phosphorylated, although the T252A mutation reduced phosphorylation to a greater extent than the T256A mutation. The double T252A/T256A mutation completely abolished phosphorylation (Fig 4A) . Mapping of the PrkA autophosphorylation sites revealed phosphorylation at serine 62, threonine 290, and threonine 308 as sites of autophosphorylation with 91% coverage of the predicted cytosolic region of the protein (S5A- S5C Fig) . The PrkA T290 and T308 phosphorylation sites map to a putative unstructured region between the kinase domain and the membrane spanning region that is consistent with previous autophosphorylation sites in M. tuberculosis [58] . While enriching for phosphopeptides yielded two additional autophosphorylation sites on PrkA S213 and T289 (S2D and S2E Fig) , no additional sites were revealed on YvcK. Additionally, we expected to observe phosphorylation in the putative activation loop, as this has been observed for the PASTA kinases in M. tuberculosis and Bacillus anthracis [58, 59] . Although we did observe a quadruply phosphorylated fragment ion that contained the putative loop region, the large size of the fragment ion prevented our ability to map specific phosphorylation sites. Taken together these data suggest that YvcK is a PrkA substrate in L. monocytogenes and indicate novel phospho-regulatory sites on both PrkA and YvcK. Regulation of YvcK phosphorylation is dispensable for in vitro stress responses but is essential for virulence ex vivo and in vivo Given the conserved phenotypes of the ΔprkA and ΔyvcK mutants, combined with the observation that PrkA phosphorylates YvcK, we hypothesized that phosphorylation of YvcK by PrkA would influence virulence. To test this hypothesis we generated phosphoablative T252A/ T256A and phosphomimetic T252E/T256E point mutants in the native yvcK locus and assayed glycerol metabolism, cell wall stress responses, cytosolic survival and inflammasome activation ex vivo and ultimately virulence in vivo. Both the ablative and mimetic mutant versions of YvcK were expressed at similar levels to wild type YvcK as indicated by western blot, although the mimetic version of the protein migrates slightly slower in SDS-PAGE (Fig 5A) . We observed upregulation of YvcK in the ΔprkA background and when strains were grown in a sub-inhibitory concentration of lysozyme (Fig 5A) . We found that mutation of the phosphorylated threonines to either phosphoablative alanines or phosphomimetic glutamic acids had minimal effects on the ability of L. monocytogenes to withstand cell wall stresses in vitro ( Table 2 ). The effects phospho-mutations during metabolic stress were more nuanced as the phosphoablative mutant phenocopied wild type L. monocytogenes while the phosphomimetic mutants demonstrated a moderate growth defect in glycerol, though not to the level of a full ΔyvcK or ΔprkA mutant (Fig 5B) . Even more surprisingly, we found that the T-A phosphoablative YvcK mutant was indistinguishable from wild type when we assessed cytosolic survival (Fig 5C) , inflammasome avoidance (Fig 5D) or virulence in vivo (Fig 5E) , whereas the T-E phosphomimetic mutant essentially phenocopied a ΔyvcK mutant. Taken together, these data suggest that phosphorylation of YvcK inactivates at least some functions of the protein and that regulation of the YvcK phosphorylation state is critical for the virulence of L. monocytogenes. Furthermore, given that the phosphomimetic mutations did not affect cell wall stress responses, these data suggest that the attenuation of the ΔyvcK mutant is unlikely to be due to defects in cell wall stress responses. The condition(s) under which YvcK phosphorylation is beneficial remain to be determined. Similarly, the substrates of PrkA that mediate cytosolic survival and ultimately virulence in vivo are similarly yet to be discovered.
Discussion
In addition to the classically defined cytosolic pathogens, it is becoming increasingly clear that a number of extracellular and vacuolar pathogens spend at least a portion of their lifecycle in the cytosol of host cells. Furthermore, the identification of extensive arrays of cytosolic innate immune sensing machinery and its role in controlling bacterial infections suggest that the host must survey and defend its cytosol. Indeed, the delivery of non-pathogenic or non-cytosol adapted bacteria leads to their detection and ultimate elimination from the cytosol, however, the mechanisms by which cytosol adapted pathogens sense and respond to the unique environment of the host cytosol is largely unknown. Here, we demonstrate that L. monocytogenes utilizes its highly conserved PASTA kinase, PrkA, to facilitate cell wall homeostasis, metabolic adaptation, cytosolic survival, inflammasome avoidance and ultimately virulence. Furthermore, we identified a highly conserved protein of unknown function, YvcK, as a substrate of PrkA, which is also required for cell wall homeostasis, metabolic adaptation, cytosolic survival, inflammasome avoidance and ultimately virulence. Finally, although the function of YvcK in metabolic and cell wall stress responses was largely independent of phosphorylation by PrkA, adding phosphomimetic, nonreversible negative charges at the YvcK phosphorylation sites inhibited virulence ex vivo and in vivo. While the threonine to glutamic acid mutation can sometimes support a relatively simple phosphorylation model, biochemically they are similar but not equivalent [60] . Additionally, the activity of Ser/Thr kinases may be more complicated than an on/off switch [61] which highlights the need to determine substrates under specific environmental conditions. Nevertheless, our data suggest that regulation of YvcK phosphorylation is critical for virulence while additional, yet to be identified substrates of PrkA must be phosphorylated in vivo to promote virulence.
A large number of PASTA kinase substrates in a variety of other organism have been identified, however, the complete PrkA phosphoproteome of L. monocytogenes has not been determined. Lima et al previously identified 62 proteins that interact with PrkA, although validation of any of these proteins as bonafide phosphor-substrates of PrkA was not determined [62] . Eight interacting proteins are known PASTA kinase substrates in B. subtilis, S. pneumonia, or M. tuberculosis [35, [63] [64] [65] [66] while an additional sixteen of these PrkA interacting proteins are also phosphorylated on Ser/Thr residues in L. monocytogenes [62, 67] . Several of these, including PTS system mannose-specific factor IIAB (MptA), fructose-1,6-bisphosphate aldolase (FbaA), glyceraldehyde-3-phosphate dehydrogenase (Gap), pyruvate dehydrogenase (PdhC), and redox-sensing transcriptional repressor (Rex) are directly involved in central metabolism. These data, along with our findings, suggest that PrkA plays a major role in regulating central metabolism in L. monocytogenes. Lima et al. also observed MreB, but not other cytoskeletal proteins such as DivIVA or FtsZ as interacting partners, even though many of these are conserved substrates in multiple other species [36, 68, 69] . The lack of these proteins in the interactome study may be due to the propensity for these proteins to form insoluble membrane bound complexes during lysis [68, 70] . YvcK was also not identified as an interacting protein with PrkA potentially due to a limit of detection issue from low levels of the protein in the extract. Finally, a ActA was previously identified as a PrkA substrate, however the effect of phosphoablative or phosphomimetic mutations has not been determined [62, 71] . Although lack of phosphorylation of ActA may explain part of the virulence defect of a ΔprkA mutant, ΔactA mutants do not have an intracellular growth or lysis defect so phosphorylation of ActA is not likely to be responsible for these phenotypes in a ΔprkA mutant [71] . Importantly, as our data demonstrate, identification of phosphorylation events in vitro, even when correlated strongly with phenotypes in vivo, does not necessarily demonstrate the relevance of phosphorylation ex vivo or in vivo. As such, we are currently developing novel approaches to characterize the PrkA specific phosphoproteome during intracellular growth. Regulation of cell wall homeostasis is critical for virulence and PASTA kinases in a variety of other organisms are involved in cell division and cell wall homeostasis [40, 72] . Although our results demonstrated that there were no gross defects in cell wall thickness in ΔprkA mutants, we cannot rule out the possibility that there are defects specifically in either the abundance of peptidoglycan/wall teichoic acid and/or the structure of these polymers. Indeed, our results suggest that PrkA is selectively involved in multiple, but not all, aspects of cell wall homeostasis as indicated by increased sensitivity of the ΔprkA mutant to β-lactams, tunicamycin, antimicrobial peptides and lysozyme but not vancomycin, consistent with the phenotypes of PASTA kinase mutants in S. aureus and S. pyogenes [45, 73, 74] . In S. aureus Δstk1 mutants have reduced levels of UDP-MurNAc as well as other downstream peptidoglycan precursors [75] . β-lactams function by inactivating PBPs and by reducing the peptide crosslinking in peptidoglycan [76, 77] . ΔprkA mutant sensitivity to β-lactams may be due to changes in peptidoglycan precursors caused by phosphorylation of GlmU [35] or changes in transcription of proteins in the MurA-G operon [78] . Inhibition of MurE and MurF or other early steps in peptidoglycan synthesis cause increased sensitivity to β-lactam antibiotics in S. aureus [79] [80] [81] . Alternatively, the increased β-lactam sensitivity of the ΔprkA mutant may be due to mislocalization of PBPs, potentially through the misregulation of MreB, a putative PrkA interacting protein that has been found to be phosphorylated on a serine [62, 67, 82] . MreB activity has been linked to β-lactam sensitivity [83] . The increased tunicamycin sensitivity of the ΔprkA mutant may be caused by perturbations in the peptidoglycan synthesis pathway through its inhibition of MraY [84] or in wall teichoic acid biosynthesis through its inhibition of TagO [84] . Although MraY has not been identified as a PrkA substrate the next enzyme in the pathway (MurG) is a putative interacting partner with PrkA [62] and proteins involved in MraY regulation, DivIVA/Wag31 [85] , are conserved PASTA kinase targets. While inhibition of wall teichoic acid (WTA) synthesis through TagO is not detrimental to growth in S. aureus [86] , this may require an unknown compensatory mechanism which is non-functional in a ΔprkA mutant. Additionally, in L. monocytogenes, resistance to antimicrobial peptides is linked to rhamnosylation of WTA [87] . Lmo1081 (RmlA), required for rhamnosylation of WTA, is a PrkA interacting protein and Ser/ Thr phosphoprotein [62, 67, 87] , potentially linking the increased sensitivity of the ΔprkA mutant to tunicamycin and LL-37. Finally, effect of the ΔprkA mutation of lysozyme resistance may be caused by several different mechanisms including peptidoglycan precursor abundance, mislocalization of pbps, or regulation of PgdA and OatA, peptidoglycan modification enzymes [5, 56] . Although a detailed understanding of PrkA regulation of cell wall remains to be determined, pharmacologic targeting of PrkA could result in synergistic activity with already existing antimicrobials to provide a new approach to combating gram-positive pathogens [46] . PknB in M. tuberculosis is essential while Stk1 in S. aureus is important for growth in some nutrient limiting conditions [88, 89] . Consistent with these observations, we found that PrkA is required for growth in minimal media with glycerol as the primary carbon source. This effect may be due to direct modulation of glycolysis/gluconeogenesis by PrkA. Several conserved PASTA kinase substrates identified as both PrkA interactors and Ser/Thr phosphorylated proteins in L. monocytogenes are glycolytic enzymes [37, 62, 67] . Phosphorylation of glycolytic enzymes, such as FbaA, Gap, or PykA, could control their activity in order to regulate flux between competing pathways (eg. The pentose phosphate pathway) or to regulate flux between opposing pathways (eg. Gluconeogenesis). Furthermore the master virulence regulator, PrfA, is regulated by [91] and regulates [11, 90] central metabolism. How posttranslational regulation of central metabolism by PrkA may affect PrfA activity is unknown. For example, glycerol metabolism is required for optimal PrfA activity, therefore regulation of glycerol metabolism by PrkA may directly affect virulence factor expression. In addition to energy and carbon input into the cell PrkA may also have a major role in regulating energy expenditures. EF-Tu and EF-G are conserved PASTA kinase substrates [66, 90] and interacting-Ser/Thr phosphorylated proteins [62, 67, 91] required for protein translation [92] , a process that can account for >50% of the ATP consumption by a cell [93] . Thus PrkA is likely to be crucial for matching energy intake and expenditure of the cell. Intracellular pathogens have evolved specific metabolic strategies to avoid disruption of host glycolysis to avoid innate immune detection and maintain their replicative niche [94] . Therefore, the regulation of central metabolism by PrkA could be considered an essential virulence factor. PrkA may also be important for regulating the production of specific metabolites. PASTA kinase mutants are defective in purine biosynthesis in multiple organisms [75, 89, 95] . This specific auxotrophy is not likely to be responsible for the PrkA growth defect as adenine is a normal component of IMM but may play a role in growth in vivo [8] . Metabolism is essential for bacterial pathogenesis and the use of novel metabolomics approaches will further elucidate how PrkA regulates metabolism to promote virulence.
In both M. tuberculosis and B. subtilis YvcK homologues are required for cell wall homeostasis, cell morphology and gluconeogenic metabolism, but the enzymatic function of YvcK remains unknown [47] [48] [49] [50] . We found that L. monocytogenes YvcK was similarly required for growth on glycerol, a gluconeogenic substrate for L. monocytogenes as well as for cell wall homeostasis and normal morphology. YvcK is similar to the 2-phospho-L-lactate transferase CofD found in M. tuberculosis and some Archea [48, 50] . However many of the YvcK containing bacteria do not produce coenzyme F420, the product of CofD [48, 50] . Furthermore although structures of CofD and multiple YvcK homologues have been solved, thus far structural analysis has not predicted a specific interacting metabolite for YvcK [96] . In three different bacterial species YvcK has been shown to be important in metabolism and more specifically gluconeogenesis. Although carbon sources utilized for gluconeogenesis by each of these species are diverse, the conserved requirement for YvcK suggests that it regulates a central process in gluconeogenesis. YvcK is a conserved PASTA kinase substrate in several organisms, however, the exact sites and numbers of phosphorylations are different [36, 47] . In M. tuberculosis CuvA (YvcK)-dependent phenotypes were phosphorylation independent [50] whereas in B. subtilis, cell wall phenotypes were rescued by phosphomimetic mutants [47] . Contrary to both of these results, in L. monocytogenes phosphoablative YvcK mutants phenocopied wildtype under all conditions whereas phosphomimetic mutations were detrimental for growth in glycerol and virulence in vivo. Taken together, our results suggest that while PASTA kinases regulate YvcK homologues in a variety of organisms, the mechanism of regulation is species specific. Additionally, while PASTA kinases are unique to gram-positive organisms, YvcK homologues are found across eubacteria and archaea [48] , therefore uncovering YvcK's metabolic role could have broad implications for our understanding of central metabolism and virulence in a wide variety of YvcK containing pathogens.
We found that both PrkA and its substrate YvcK were required for cytosolic survival and avoidance of the AIM2 inflammasome. The specific stresses leading to bacteriolysis of bacteria in the cytosol of host cells are currently unknown. Recently, Broz and colleagues demonstrated that GBPs were involved in cytosolic lysis of F. novicida and contributed to AIM2 activation, potentially through direct lysis of cytosolic bacteria [13] . In addition, previous work from Coers and colleagues suggested that GBPs were involved in activation of caspase-11-dependent inflammasome activation [97] . Our analysis of macrophages lacking the GBPs on chromosome 3, including GBP1,2,3,5, and 7 [98] , suggests that these GBPs are not required for cytosolic lysis and subsequent inflammasome activation following infection with either wild type L. monocytogenes or mutants with increased bacteriolysis in the cytosol, including ΔyvcK and ΔprkA mutants. Counterintuitively, we found that GBP deficient macrophages demonstrated increased host cell death following infection with strains that specifically activated AIM2, suggesting that during L. monocytogenes infection GBPs act as a negative regulator of AIM2 activation. Given that this effect was only seen with L. monocytogenes strains that activate the AIM2 inflammasome and not with strains that activate the Naip5/Nlrc4 inflammasome, perhaps GBPs negatively regulate AIM2 inflammsome activation through masking or sequestering of DNA following bacteriolysis. It is possible that the GBPs located on chromosome 5, including GBP4,6,8,9,10 and 11 [98] , could be required for L. monocytogenes bacteriolysis or that L. monocytogenes lyse due to some other stress or antimicrobial mechanism. Previously, a cationic antimicrobial peptide, ubiquicidin, had been purified from the cytosol of IFNγ activated macrophages and had been demonstrated to have anti-Listeria activity in vitro [12] . Similarly, lysozyme has recently been demonstrated to be able to access the cytosol and kill bacteria in this compartment, leading to inflammasome activation [56] .Consistent with these as potential causes of cytosolic bacteriolysis, both the ΔprkA mutant and the ΔyvcK mutant demonstrated increases in LL-37 and lysozyme sensitivity in vitro. Finally, ΔyvcK mutants and ΔprkA mutants demonstrate defects in morphology during growth on cytosolically available carbon sources, suggesting that lysis of these mutants may be due to metabolic defects that result in impaired cell wall homeostasis. Identification of additional PrkA substrates and the specific enzymatic activity of YvcK may further elucidate cell wall homeostasis and/or metabolic pathways required for cytosolic survival and virulence.
In conclusion, we have demonstrated that the L. monocytogenes PASTA kinase PrkA and its conserved substrate YvcK play essential roles in cell wall homeostasis, metabolism, and ultimately virulence. Surprisingly, despite the exquisite conservation of phenotypes of the two null mutants, phosphorylation appears to inhibit the function of YvcK such that phosphomimetic YvcK mutants are highly attenuated in vivo while phosphoablative mutants phenocopy wild type L. monocytogenes. Importantly, in addition to identifying two novel essential virulence factors in L. monocytogenes, our work highlights the importance of identifying PrkA substrates during infection. Finally, given the high conservation of these proteins in a number of important pathogens and their conserved roles in virulence, targeting PASTA kinases and/or YvcK function represents a novel and exciting avenue for the development of new antimicrobials.
Methods
Bacterial strains and growth conditions
All L. monocytogenes strains used were 10403s background and the ΔyvcK and ΔprkA mutants were previously described [17, 46] . The yvcK complementation vector pPL2e_riboE_yvcK was constructed as previously described [46] . Briefly, the theophylline inducible riboswitch E was added to yvcK by SOE PCR [99] , and cloned in pPL2e [100] . Point mutations in yvcK were made by designing the desired mutations into gBlocks (IDT) and subcloned in pPL2e_ri-boE_yvcK. YvcK inserts from the wild type or mutated pPL2e_riboE_yvcK constructs were then used as the source for subsequent cloning into pET20b to facilitate His-tagged purification from Rosetta pLysS E.coli and into pKSV7 for subsequent reintegration into the native locus of the ΔyvcK mutant. Constitutive expression of yvcK and prkA from the pHelp promoter was achieved by cloning into pIMK2 [101] . For ΔprkA complementation, the resulting pHelp_prkA construct was cloned into a new pPL1 vector (pPL1k). pPL1k was constructed by removing the chloramphenicol resistance cassette from pPL1 [100] with restriction enzymes ApaLI and PvuI and inserting the kanamycin resistance cassette from pIMK2 [101] . The pPL1k_prkA construct was conjugated into a new phage-cured ΔprkA strain. For a complete list of strains see S1 Table. For all assays overnight cultures of L. monocytogenes strains were grown to stationary phase at 30°C with no shaking in Brain-Heart Infusion (BHI).
Minimum inhibitory concentration assays
Overnight cultures grown to stationary phase at 30°C with no shaking in BHI media were inoculated at a 1:50 ratio into 96-well plates containing BHI with growth inhibitors in 2 fold serial dilutions up or down from 1μg/mL. Plates were grown at 37°C with continuous shaking for 12 hours in an Eon or Synergy HT Microplate Spectrophotometer (BioTek Instruments, Inc., Winooski, VT) and OD 600 was read every 15 minutes. The MIC was defined as the lowest concentration at 12 hours that gave an equivalent OD 600 to the starting inoculum. All growth assays were performed with at least 5 biological replicates and the mean MIC was selected [50] .
Growth assays
Overnight cultures grown to stationary phase at 30°C with no shaking in BHI were washed in PBS and inoculated at a 1:50 ratio into BHI or Improved Minimal Media (IMM) [102] and grown at 37°C with continuous shaking. For BHI OD 600 was read at 1 hour time points for 9 hours. IMM was made with either 55mM, Glycerol, or Glucose-6-Phosphate. For IMM OD 600 was read at 6 hour time points for at least 54 hours. All growth assays were performed with 3 biological replicates.
Microscopy
Cultures were harvested at an OD of 0.5 in BHI or after 6 hours of growth in IMM. Cells were fixed, washed, dried, infiltrated, and sectioned as previously described [103] . Sections were imaged with a Phillips CM120 STEM microscope. Cell wall thickness was measured with ImageJ software. Ten measurements at the mid-cell of ten bacteria were taken for each of 3 biological replicates.
Intracellular growth curve
Bone marrow derived macrophages (BMDMs) were prepared from C57BL/6 mice as previously described [104] . BMDMs were plated at 5 Ã 10 6 cells per 60mm dish with coverslips and allowed to adhere overnight. BMDMs were infected at an MOI of 0.2 and infection was quantified as previously described [17] . The growth curve is representative of 3 biological replicates.
Intracellular lysis assay
Intracellular lysis was measured as previously described [17] . Briefly, immortalized INFAR -/-BMDMs [105] were plated at 5 Ã 10 5 cells/well in 24 well plates overnight. Cells were infected at an MOI of ten with strains containing the pBHE573 reporter construct. At 1 hour post infection, media was removed from the plate and replaced with fresh media containing gentamycin. At six hours post infection cells were lysed in TNT lysis buffer. Cell supernatants were mixed with luciferase reagent as previously described. Luciferase activity was measured in a Synergy HT Microplate Spectrophotometer (BioTek Instruments, Inc., Winooski, VT). A representative experiment from 3 biological replicates is shown.
LDH assay
Induction of host cell death by L. monocytogenes infection was measured by the lactate dehydrogenase (LDH) assay as previously described [106] . Briefly, 5 Ã 10 5 BMDMs were pre-treated with Pam3CSK4 (Invivogen tlrl-pms) in 24-well plates overnight. BMDMs were infected at a MOI of five. At ½ hour post infection, media was removed from the plate and replaced with fresh media containing gentamycin. For the experiment with LLO S44A L461T gentamycin was removed after an hour. Six hours post infection, macrophage cell death was determined by measuring LDH release into the culture supernatant. 100% lysis was determined by addition of Triton X-100 to a final concentration of 1%. All LDH assays are the average of 3 biological replicates.
Murine IV infection
Acute mouse IV infections were performed according to IAUCC approved protocol as previously described [21] . Briefly, 6 to 8-week-old female C57BL/6 mice were infected IV with 1×10 5 CFU. 48 hours post-infection, livers and spleens were harvested, homogenized in PBS with 0.1% NP-40, and plated for CFU. Two independent replicates of each experiment with 5 mice per group were performed.
Protein production
PrkA was purified as previously described [46] . For purification of YvcK, overnight cultures of Rosetta pLysS pET20b constructs were inoculated at a 1:50 ratio and grown to an OD of~0.5 at 37°C 250rpm. IPTG was added to a final concentration of 1mM and rpm was lowered to 180. At 3 hours post induction cultures were pelleted, resuspended in PBS, and stored at -80°C. Pellets were thawed, lysed, and pelleted. The supernatant was collected and mixed with NTANickel resin (Pierce) for 30 minutes at 4°C. Resin was pelleted, washed, and the protein was eluted with 250mM Imidazole in 20mM Tris pH 7.4 100mM NaCl. Elutions were concentrated and further purified using a Sephadex 75 size exclusion column (GE Healthcare) on an ÄKTA purifier FPLC (GE Healthcare). Protein was eluted using an isocratic method in a buffer containing 150mM NaCl and 10mM Tris pH 8.0. Non-aggregated fractions indicated by UV absorbance were visualized on SDS-PAGE and fractions of >98% purity were pooled and used for biochemical assays. Protein concentration was determined by BCA assay (Pierce) according to manufacturer's protocols.
Phosphorylation assay
Phosphorylation assays were performed by mixing 3 μg of kinase with 2μg YvcK in a 30-μl reaction mixture containing 50 mM Tris-HCl (pH 7.4), 1 mM dithiothreitol (DTT), 5 mM MgCl 2 , 250 μM ATP, and 1 μCi of [γ-32 P]ATP, followed by incubation at room temperature overnight. The reactions were terminated by the addition of 5× SDS loading buffer to the mixture. Samples were separated by SDS-PAGE, fixed, dried, and analyzed by autoradiography
Mass spectrometry
Phosphorylation of YvcK was performed with 10μg of kinase and 100μg of YvcK in 100mM ATP in containing 50 mM Tris-HCl (pH 7.4), 1 mM dithiothreitol (DTT), 5 mM MnCl 2 . The reaction was digested with trypsin. Digests were cleaned with OMIX C18 SPE cartridges (Agilent, Palo Alto, CA) according to the manufacturer's protocol. Where indicated, phosphopeptides were enriched with titanium dioxide coated beads and eluted from the beads with ammonium hydroxide. Peptides were analyzed by nanoLC-MS/MS with a Agilent 1100 nanoflow system coupled to a hybrid linear ion trap-orbitrap mass spectrometer (LTQ-Orbitrap Elite, Thermo Fisher Scientific) equipped with an EASY-Spray electrospray source. Raw MS/ MS data was converted to mgf file format and used to search against the L. monocytogenes RefSeq database with a list of common lab contaminants using the Mascot search engine 2.2.07 (Matrix Science). Protein annotations, significance of identification, and spectral based quantification was done with help of Scaffold software (version 4.3.2, Proteome Software Inc., Portland, OR).
PrkA inhibition assay
Overnight cultures grown to stationary phase at 30°C with no shaking in BHI media were inoculated at a 1:50 ratio into 96-well plates containing BHI with Staurosporine at 20μM. Plates were grown at 37°C with continuous shaking for 12 hours in an Eon or Synergy HT Microplate Spectrophotometer (BioTek Instruments, Inc., Winooski, VT) and OD6 00 was read every hour. Growth curve is representative of 3 biological replicates.
Western blot
Overnight cultures grown to stationary phase at 30°C with no shaking in BHI were inoculated at a 1:50 ratio into BHI with or without 250μg lysozyme and grown to an OD of 0.5 at 37°C shaking. 10mLs of culture was pelleted, washed in PBS, and resuspended in lysis buffer (50mM Tris pH 7.4, 5mM DTT, 0.1% SDS). Pellets were bead beat for 2 minutes and beads and cell debris were pelleted. Lysate was filtered through a 0.2 micron filter and total protein level was quantified by BCA assay. Equivalent protein concentrations were run on a SDS-PAGE gel and transferred to a Hybond-ECL membrane (GE). Custom polyclonal anti-YvcK antibody was used to assess protein levels together with 2°anti-rabbit DyLight 800 and a Li-Cor Odyssey 9120. Quantification was performed with attached Odyssey software.
Ethics statement
Mice were cared for according to the recommendations of the NIH, published in the Guide for the Care and Use of Laboratory Animals. All techniques used were reviewed and approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee (IACUC) under the protocol M02501.
Statistical analysis
Prism 6 (GraphPad Software) was used for statistical analysis of data. Means from two groups were compared with unpaired two-tailed Student's T-test. Means from more than two groups were analyzed by one-way ANOVA with a post-hoc LSD Test. Medians from two groups were compared with Mann-Whitney Test. Ã indicates a statistically significant difference (P is less than 0.05). 
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